Background: Evidence on the role of plasma exchange for treating recurrent post-transplant focal segmental glomerulosclerosis (FSGS) comes largely from individual cases and uncontrolled series. We conducted a systematic review and meta-analysis to estimate the remission rate after treatment with plasma exchange, and to determine if remission varied with patient or treatment characteristics. Methods: We searched MEDLINE, EMBASE, Science Citation Index Expanded, and the Conference Proceedings Citation Index (Science and BIOSIS) for studies of patients with post-transplant recurrent FSGS who were treated with plasma exchange after recurrence . Of 678 studies screened, 77 met our inclusion criteria: 34 case reports (45 patients) and 43 case series (378 patients). We extracted patient-level data from each study and used random-effects models to calculate remission, defined as proteinuria <3.5 g/day (partial) or <0.5 g/day (complete). Results: The overall remission rate in 423 patients with outcome data was 71 % (95 % CI: 66 % to 75 %). In 235 patients with data on age, remission was similar for adults and children: 69.1 % (95 % CI: 59.6 % to 77.2 %) and 70. 2 % (95 % CI: 61.1 % to 77.9 %). Males were more likely to achieve remission (OR = 2.85; 95 % CI: 1.44 to 5.62) and patients treated within 2 weeks of recurrence showed a trend towards higher likelihood of remission (OR = 2.16; 95 % CI: 0.93 to 5.01). Proteinuria >7 g/day at recurrence was inversely associated with remission (OR = 0.43; 95 % CI: 0.19 to 0.97). Age and type of kidney transplant (living vs. deceased) did not associate with remission. Conclusion: In this systematic review of patients with recurrent post-transplant FSGS, 71 % of patients achieved full or partial remission after treatment with plasma exchange; however, extensive missing data and lack of a control group limit any conclusions on causality.
Background
Focal segmental glomerulosclerosis (FSGS) is the most common acquired cause of kidney failure in children (after hereditary causes), and accounts for nearly 40 % of cases of nephrotic syndrome in adults [1, 2] . FSGS is a clinical-pathological syndrome characterized by scarred glomeruli, excessive protein excretion, and injured epithelial podocytes. The primary cause is unknown in approximately 80 % of cases [2] and available treatments have limited effectiveness. Even with treatment, 30-60 % of patients progress to kidney failure within 5-10 years and among those who receive a kidney transplant, severe proteinuria recurs in 30-55 % of patients, often within hours or days of grafting [3] [4] [5] [6] [7] .
Recent studies suggest that primary FSGS may be caused by plasma-borne factors that increase glomerular permeability to albumin [3] . Treatment with plasma exchange became a logical step when several subtypes of FSGS were found to recur in allograft-transplanted kidneys, and with the discovery of potential pathological circulating factors [7] [8] [9] [10] . Plasma exchange replaces the patient's blood plasma with a donor plasma product, removing potential pathological factors from the patient's circulation, and has proved effective for treating acute autoimmune disorders such as Guillain-Barre syndrome and chronic conditions such as myasthenia gravis [11, 12] . While current guidelines support the use of plasma exchange for recurrent post-transplant FSGS, evidence on treatment efficacy comes largely from case reports and uncontrolled case series [3, 13] . We conducted a systematic review of all relevant studies of patients with posttransplant recurrent FSGS (both adults and children) who were treated with plasma exchange after recurrence. We extracted patient-level data from these studies, and estimated the rate of remission after treatment (defined as proteinuria <3.5 g/day (partial) or <0.5 g/day (complete)), and examined if remission varied with patient or treatment characteristics.
Methods
Following the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) and Meta-Analysis of Observational Studies in Epidemiology (MOOSE) guidelines [14, 15] , we performed a systematic review of English-language articles using MEDLINE and PreMedline (OVID, 1966 to December 2012), EMBASE (1979 to December 2012), Science Citation Index Expanded (1945 to December 2012), Conference Proceedings Citation Index-Science (1990 to December 2012), BIOSIS Previews (1955 to December 2012). Additional studies were identified through reviewing reference lists of retrieved studies. A detailed search strategy is provided in Appendix I. The study is exempt from ethics approval because we synthesized data from previous published studies.
Study eligibility criteria were determined a priori. We included all study designs of patients identified as having recurrent post-renal transplant focal glomerulosclerosis (FSGS) who were treated with plasma exchange at the time of recurrence. Studies with no data on posttreatment remission (defined below) were excluded. No randomized controlled trials were identified in our search. While some studies contained a comparison group of patients with recurrent post-transplant FSGS who did not receive plasma exchange, these comparison groups largely comprised historical controls treated in the decade prior to the cases. Data from these controls were not included since these patients would have lacked access to the same supportive treatment as cases (leading to biased comparisons favoring plasma exchange). We defined a study as a case report if it described one or two patients with recurrent FSGS who were treated with plasma exchange. A study was defined as a case series if it described three or more patients with recurrent FSGS who were treated with plasma exchange (followed prospectively or retrospectively; the largest sample size was 23).
The primary outcome in our study, remission after treatment with plasma exchange, was defined as proteinuria <0.5 g/day (complete remission) or proteinuria between 0.5 − 3.5 g/day (partial remission). To be conservative, if data on protein was not available, but the patient was reported as having achieved remission in the primary study, we coded the patient as achieving partial rather than complete remission. In the final analysis, patients who achieved complete or partial remission were defined as responders and those who did not achieve remission were defined as non-responders.
Data extraction
A data extraction form was prepared and piloted to determine if changes were required before extracting data from the full review. Two review authors (AK and RA) independently extracted patient-level data from included articles using pre-defined criteria and compared data to achieve maximum reliability. Any disagreements were reviewed and resolved by the authors.
Information was extracted on study and patient characteristics, and on treatment details and outcomes. Study characteristics included year of publication, country, study design, number of participants, and median follow-up time. Patient characteristics included age, sex, type of kidney transplant (living or deceased), level of proteinuria at time of FSGS recurrence, biopsy testing, time to recurrence, and time from recurrence to treatment with plasma exchange. Treatment details included the number of plasma exchange sessions, the number of treatments, and the use of rituximab or steroids. Data on patient outcomes at the end of follow-up included proteinuria, estimated glomerular filtration rate (eGFR), progression to end-stage renal disease (ESRD), and the time from transplant to ESRD.
Availability of Data and Materials: All the data supporting the conclusions of this article are contained within the manuscript. The individual patient-level dataset was not made publically available due to containing potentially identifying patient data; however, the data may be made available from the authors upon request.
Analysis
Where possible, we collected individual-level data from each study; however, missing data was >50 % for many patient characteristics. Restricting the sample to only those patients with complete data on prognostic variables would have excluded 70 % of the available sample, possibly introducing selection and reporting biases. For this reason, we present all available data, specifying the amount of missing data for each variable (summarized in Table 1 and in the text of the results). We used randomeffects models to estimate remission, which incorporates study-specific random effects in addition to patient-specific effects. We report the remission rate in the overall sample and in sub-groups stratified by study design and age.
Characteristics of responders (those who achieved full or partial remission) and non-responders were first summarized using simple descriptive statistics. Percentages were calculated based on valid denominators (i.e. denominators exclude patients with missing data on the characteristic of interest). Continuous data are summarized using medians and interquartile ranges (IQR: 25th percentile, 75th percentile). We used then generalized estimating equations (adjusted for within-study clustering) to examine associations between remission and several prognostic variables: age (<18 years and ≥18 years), sex, type of kidney transplant (living vs. deceased), median proteinuria at recurrence (<7 g/day vs. ≥7 mg/d), delayed treatment start (≤2 weeks vs. >2 weeks), and treatment with rituximab. Odds ratios (OR) and 95 % confidence intervals (95 % CI) are reported to describe the statistical uncertainty of effect estimates [16] . All data were analyzed using SAS 9.3 (SAS Institute Inc., Cary, NC, USA.).
Results

Study and patient characteristics
Of 678 citations identified in our search, 77 met our inclusion criteria ( Table 1 . Raw data are presented along with the percentage of missing data for each characteristic. The median time to FSGS recurrence was 4 days (IQR 1, 18) (reported for 135 patients). Median age at recurrence was 17 years (IQR 12, 33) (reported for 235); 51 % were younger than 18 years (119/ 235) and 59 % were male (126/212). Median proteinuria at recurrence was 7 g/day (IQR 5, 12) (reported for 148). The median time from recurrence to treatment with plasma exchange was 1 day (IQR 0, 3); however, 12 % (28/230) did not receive plasma exchange until >2 weeks after recurrence. The total number of plasma exchange sessions ranged from 1 to 200 with a median of 12 sessions (IQR 10, 20) . In addition to treatment with plasma exchange, 10 % received rituximab (41/404) and 99 % received steroids (341/344).
Remission from proteinuria after treatment with plasma exchange
As shown in Table 1 , 198 of 423 patients (46.8 %) achieved complete remission after treatment with plasma exchange, and 119/423 (28.1 %) achieved partial remission. In a random-effects model that accounted for patient-and study-specific random effects, the overall remission rate was 71.0 % (95 % CI: 66.2 % to 75.4 %). The remission rate in case-series studies was 72.5 % (95 % CI: 67.4 % to 77.1 %) compared with 63.4 % in case reports (95 % CI: 50.3 % to 74.8 %). In a restricted sample of 235 patient with data on age, remission was similar for adults and children: 69.1 % (95 % CI: 59.6 % to 77.2 %) and 70.2 % (95 % CI: 61.1 % to 77.9 %), respectively.
A descriptive comparison of responders (those who achieved full or partial remission) and non-responders is shown in Table 2 . Responders appeared to have a shorter time to recurrence (3 days vs. 7 days) and lower proteinuria at recurrence (7 g/day vs. 9 g/day); however, data on protein was missing for 65 % of patients. The median time to plasma exchange treatment was 1 day in both groups; however, delayed treatment start (>2 weeks) appeared to be more common among non-responders (21 % vs. 9 %), and 19 % of non-responders had not received plasma exchange within one month of recurrence, compared with only 6 % of responders. Most other variables were similar between groups, including age (median 17 years), type of kidney transplant (deceased donor: 64 %), and the median number of plasma exchange sessions received (12 sessions). Finally, 9 % of responders received rituximab compared with 14 % of non-responders. Of the 41 patients who received rituximab, 29 (70.7 %) achieved remission, 7 responded to rituximab but not plasma exchange, and 7 did not respond to either plasma exchange or rituximab. After a median follow-up of 19 months (IQR 9, 56), median proteinuria was 0.1 g/day among responders and 4 g/day among non-responders, and the median eGFR was 60 ml/min/1.73 m 2 (IQR 37, 84) and 15 ml/min/1.73 m 2 (15, 40), respectively; 11 % of responders developed end-stage kidney disease compared with 57 % of non-responders.
The results of the statistical analysis were consistent with the descriptive analysis. In univariable regression models that accounted for within-study clustering (Table 3) , males were nearly three times as likely to achieve remission as females (OR 2.85; 95 % CI: 1.44 to 5.62), and patients who received plasma exchange within two weeks of recurrence were twice as likely to achieve remission as patients whose treatment initiation was delayed (OR 2.16; 95 % CI: 0.93 to 5.01), although the latter effect estimate did not reach statistical significance. Patients with proteinuria >7 g/day at recurrence were less likely to achieve remission (OR 0.43; 95 % CI: 0.19 to 0.97). Age, type of kidney transplant, and treatment with rituximab were not statistically associated with remission. Effect sizes remained similar when we restricted the sample to 110 patients with complete data on age, gender, and time to treatment with plasma exchange, although confidence intervals became wider and only gender remained statistically significant.
Discussion
We conducted a systematic review of 77 studies of patients with post-transplant FSGS who were treated with If protein data were not reported in the primary study, but the patient was reported as having achieved remission, we coded the patient as a partial remission plasma exchange at the time of recurrence. Overall, 71 % of patients achieved complete or partial remission from proteinuria after treatment with plasma exchange (95 % CI: 66 % to 75 %). Males were more likely to achieve remission than females, and patients who received plasma exchange within two weeks of recurrence appeared more likely to achieve remission than patients whose treatment initiation was delayed, although the latter did not reach statistical significance (the 95 % confidence interval spanned 0.9 to 5.0). Patients with higher proteinuria at recurrence (>7 g/day) were less likely to achieve remission. Age and type of kidney transplant (living vs. deceased) were not associated with remission.
While several narrative reviews have examined the role of plasma exchange for recurrent post-transplant FSGS [3, 6, 7, 17, 18] , our study is the first systematic review of this literature. We identified 34 case reports and 43 case series (76 % were full-text publications and 24 % were abstracts). Although patient-level data was missing for many prognostic variables including age and sex, we were able to extract individual-level data on remission for 423 patients. Overall 71 % of patients with recurrent post-transplant FSGS achieved complete or partial
Citations identified in initial database search n=678
Duplicate citations excluded n=55
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Studies included in review n=77 (423 participants) Studies with incomplete data or missing outcome data n=38 Complete or partial remission: Full remission was defined as proteinuria <0.5 g/day; partial remission was defined as proteinuria between 0.5 and 3.5 g/day. If protein data were not reported in the primary study, but the patient was reported as having achieved remission, we coded the patient as a partial remission remission from proteinuria after treatment with plasma exchange. This estimate is consistent with rates described in narrative reviews (60 % to 73 %), and appears favorable when compared to historical controls (i.e. patients with recurrent post-transplant FSGS not treated with plasma exchange), where reported remission rates are less than 30 %; however, most historical controls would have lacked access to modern supportive therapy and immunosuppressive treatment [19, 20] . In a descriptive comparison of responders (those who achieved remission) and non-responders, we noted that responders appeared to have a shorter time to FSGS recurrence than non-responders (3 days vs. 7 days), and lower levels of proteinuria at recurrence (7 g/day vs. 9 g/day). While this may reflect differences in disease phenotype, progression, or severity, it is also possible that responders were monitored more closely after transplantation with the result that recurrent FSGS was detected earlier and treated more quickly. In regression analysis, patients who received plasma exchange within two weeks of recurrence appeared more likely to achieve remission than patients whose treatment initiation was delayed. Although there is uncertainty about the size of this effect (the 95 % CI spanned 0.9 to 5.0; n = 230), these data suggest a beneficial effect of prompt treatment with plasma exchange (i.e. a harmful effect seems unlikely). However, the observational nature of the data limits our ability to make any causal inferences about the efficacy of plasma exchange independent of other concomitant or supportive therapies.
Proteinuria may herald recurrent FSGS even if an early biopsy does not show glomerular abnormalities [17] . KDIGO guidelines on proteinuria screening for posttransplant primary FSGS recommend daily testing for one week, weekly testing for four weeks, and every three months thereafter; however, this schedule could result in delayed detection and treatment among those who relapse more than seven days after transplantation (who may not then receive treatment until >14 days after recurrence, when it may be too late). In some cases, delayed treatment may result from confusion about recurrent patients mislabeled as suffering from prior minimal lesion nephropathy. However, the variability in the literature suggests that early observation and intervention strategies were not a practice standard, and current guidelines may need to extend the period of initial proteinuria testing.
In our study, males were nearly three times more likely to achieve remission than females. At present, it is difficult to speculate on this marked gender variability in response to plasma exchange therapy; however, other studies have noted an increased incidence of recurrent FSGS in females compared with males [6, 21] . Of note, we saw similar remission rates for recipients of kidneys from living vs. deceased donors, which may be encouraging given that other studies have noted an increased risk of FSGS recurrence among recipients of kidneys from living vs. deceased donors [12, 22] .
Our findings should be interpreted with caution given the many limitations of these data. All studies in our review were observational with no concurrent comparison groups. Missing data was greater than 50 % for many patient characteristics and prognostic variables, and eligibility criteria were not always reported, limiting the assessment of selection bias and external validity. Further, treatment protocols were not standardized across patients or studies. While all patients in this review received plasma exchange therapy for post-transplant recurrent FSGS, many studies did not report the type of replacement fluid used (i.e. 5 % serum albumin solution vs. fresh frozen plasma). The time between recurrence and treatment varied considerably as did the number of plasma exchange sessions received. As well, immunosuppression treatment, pre-transplant prophylactic plasma exchange, follow-up time, and outcome assessment varied widely across patients and studies.
Estimating the overall effect of these biases is difficult. While our estimate of remission may be inflated by selection bias and publication bias, it may also be attenuated by the wide variation in treatment protocols across studies. For example, in one study that used a standardized protocol to treat 10 consecutive patients with recurrent FSGS, nine patients achieved complete remission and one achieved partial remission when plasma exchange was initiated within ten days of recurrence and administered three times per week for three weeks (tapered to once per month after five months) along with high-dose oral steroids and intravenous cyclosporine. Unfortunately, a parallel-group randomized controlled trial may not be feasible given the rareness of this condition (<1 %), and also, it is questionable whether sufficient equipoise for such a trial exists.
Future research should examine and refine the treatment protocol (timing, dosage, prescription of 5 % serum Odds ratios (OR) and 95 % confidence intervals estimated using generalized linear estimating equations to account for within-study clustering albumin solution vs. fresh frozen plasma, duration of plasma exchange treatment after remission); long-term patient outcomes (in some cases FSGS may recur months or years after transplant); [8] the efficacy of pre-transplant plasma exchange for preventing recurrence; supportive therapy; and develop new hypothesis-driven therapies-a difficult endeavor given that the cause of primary FSGS remains unknown. While many studies support a plasmaborne pathophysiology, a specific mechanism has yet to be identified despite intensive research, and we still lack a reliable diagnostic test [3, 17] .
Conclusions
In this systematic review of patients with recurrent posttransplant FSGS, 71 % of patients achieved full or partial remission from proteinuria after treatment with plasma exchange. Patients treated within two weeks of recurrence appeared to have a higher likelihood of remission from proteinuria, although this finding must be interpreted with caution given the observational nature of the data. Nonetheless, it seems prudent to support careful observation in the post-transplant period (daily proteinuria testing for at least 14 days) for patients with a prior diagnosis of FSGS or minimal change nephrotic syndrome; if proteinuria is detected, immediate initiation of plasma exchange therapy may be a potentially useful therapeutic option. 
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